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Abstract DNA cytosine methylation (5mC) is indispens-
able for a number of cellular processes, including retro-
transposon silencing, genomic imprinting, and X
chromosome inactivation in mammalian development.
Recent studies have focused on 5-hydroxymethylcytosine
(5hmC), a new epigenetic mark or intermediate in the
DNA demethylation pathway. However, 5hmC itself has
no role in pluripotency maintenance in mouse embryonic
stem cells (ESCs) lacking Dnmt1, 3a, and 3b. Here, we
demonstrated that 5hmC accumulated on euchromatic
chromosomal bands that were marked with di- and tri-
methylated histone H3 at lysine 4 (H3K4me2/3) in mouse
ESCs. By contrast, heterochromatin enriched with
H3K9me3, including mouse chromosomal G-bands, peri-
centric repeats, human satellite 2 and 3, and inactive X
chromosomes, was not enriched with 5hmC. Therefore,
enzymes that hydroxylate the methyl group of 5mC
belonging to the Tet family might be excluded from
inactive chromatin, which may restrict 5mC to 5hmC
conversion in euchromatin to prevent nonselective de novo
DNA methylation.
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Introduction
Epigenetic reprogramming activity in early embryonic
cells and primordial germ cells (PGCs) induces conver-
sion and/or replacement of DNA cytosine methylation
(5mC) into unmodified cytosine (C) on a genome-wide
scale (Feng et al. 2010). Tet methylcytosine dioxygenase
belonging to the Tet enzyme family (Tet1-3) converts
5mC into 5-hydroxymethylcytosine (5hmC) (Tahiliani
et al. 2009). However, it remains unclear whether 5hmC
functions as an epigenetic mark or only as an intermedi-
ate during the conversion of 5mC to C (Ito et al. 2010;
Koh et al. 2011; Dawlaty et al. 2011; Freudenberg et al.
2012; Gu et al. 2011; Williams et al. 2011). Obviously,
5hmC has no role in pluripotency maintenance in
embryonic stem cells (ESCs) lacking DNA methyltrans-
ferasesDnmt1, 3a, and 3b (TKO) in the absence of DNA
methylation activity (Szwagierczak et al. 2010; Tsumura
et al. 2006). A recent knockout experiment showed that
the most abundant Tet enzyme, Tet1, is dispensable for
the maintenance of pluripotency in ESCs even in the
presence of DNA methylation activity (Dawlaty et al.
2011). Genome-wide distribution of 5hmC was previ-
ously determined by hydroxymethylated DNA immuno-
precipitation, followed by high-throughput sequencing.
These studies demonstrated that 5hmC co-localises with
H3K4me and H3K27me3, both of which are active
euchromatin marks (Ficz et al. 2011; Pastor et al.
2011). Moreover, genome-wide localisation of Tet1
was also determined by chromatin immunoprecipitation,
followed by DNA sequencing, and the results revealed
that 5hmC accumulated at transcription start sites of
CpG-rich promoters and within genes (Williams et al.
2011; Xu et al. 2011). We previously showed that the
euchromatic marks were associated with in vitro reprog-
ramming induced by cell fusion between ESCs and
somatic cells (Kimura et al. 2004). Thus, Tet enzymatic
activity may be associated with active chromatin forma-
tion and/or maintenance in ESCs. Active chromosomal
regions generally replicate in early S phase of the cell
cycle, while inactive chromosomal regions, including
constitutive and facultative heterochromatin, replicate
in late S. One exception to this is perinuclear
heterochromatin, which replicates in mid S (Nakayasu
and Berezney 1989; Panning and Gilbert 2005). Based
on this, active chromosomal regions can be determined
by the chromosomal replication bands called R-bands as
regions that are negative for 5-bromodeoxyuridine
(BrdU) labeling during late S to metaphase. By contrast,
inactive chromosomal regions can be cytogenetically
detected by a simple trypsin–Giemsa technique or 4′,
6-diamino-2-phenylindole dihydrochloride (DAPI)
staining, which can produce the differential bands called
G-bands on the basis of different chromosome
structures. G-bands are often used for identification of
each chromosome ID.
The major aim of this study was to visualise the
intra-chromosomal distribution of 5hmC using a com-
bination of chromosome banding and immunostaining
techniques, and to examine how Tet enzymatic activity
is regulated across chromosomes in mouse ESCs and
human female differentiated cells from induce pluri-
potential stem cells (diff-hiPSCs). Modification of
certain residues on the N-terminus of histone H3 is
important for transcriptional regulation, heterochro-
matin formation, and silencing of viral-derived
sequences (Hayashi-Takanaka et al. 2011). We found
that 5hmC-enriched regions overlapped with chromo-




Undifferentiated mouse ESCs derived from male inner
cell mass cells named J1 were used as wild-type ESCs.
TKO ESCs deficient for Dnmt 1, 3a, and 3b, which
were originally derived from J1 ESCs, were used as a
negative control for 5hmC immunostaining (Tsumura
et al. 2006). The transgenic ESCs that stably express
EGFP fused with the methyl-binding domain of
MBD1 (MBD-EGFP-nls) were used for live imaging
of 5mC-enriched regions (Kobayakawa et al. 2007).
These ESCs were kindly provided by the RIKEN
BioResource Center. The human iPSC line A5 was
previously established in our group by viral-mediated
introduction of the following four factors into human
female fibroblasts: OCT4, SOX2, KLF4, and c-MYC.
Standard procedures were used to culture mouse
ESCs. In brief, mouse ESCs were placed onto mito-
mycin C-treated mouse embryonic fibroblasts and cul-
tured in the mouse ESC medium [DMEM F-12
(Sigma-Aldrich) containing 13 % fetal bovine serum
(PAA Laboratories), 103U/ml LIF (ESGRO, MILLI-
PORE), penicillin streptomycin, L-glutamine, sodium
pyruvate, and 2-mercaptethanol (2-ME)]. Human
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induced pluripotential stem cells (iPSCs) were placed on
mitomycin C-treated STO cells and cultured in iPSC
medium (MEM F-12 containing 20 % KSR, penicillin
streptomycin, L-glutamine, sodium pyruvate, 2-ME,
nonessential amino acid, 0.5 NNaOH, and bFGF).Most
of the reagents used for cell culture were obtained from
Gibco. Diff-hiPSCs were obtained using a previously
described procedure for inducing hepatic progenitors
(Zhao et al. 2009). A5 hiPSCs were treated with
10 ng/ml of Activin A and were further cultured with
HGF-containing hepatic growth medium.
Immunostaining for 5hmC and BrdU
ESCs and diff-hiPSCs were cultured for 7 h in the
presence of 1 mM BrdU (Invitrogen) and treated with
0.3 μg/ml colcemide (Demecolcine, Sigma-Aldrich)
for 1 h before collection as shown in Fig. 1a. The cells
that had incorporated BrdU during late S were able to
enter mitosis through G2 phase in this procedure.
Cells were collected by trypsinisation and treated with
0.075 M KCl for 7 min at room temperature. Then,
cells were fixed with a mixture of methanol and acetic
acid (3:1). Chromosome spreads on glass slides were
prepared using the air-drying method. DNA was
denatured with 70 % formamide in 2× SSC at 70 °C
exactly for 2 min and was immediately dehydrated by
70 % ethanol for 5 min at −20 °C. The samples were
then treated with 100 % ethanol for 5 min at room
temperature and then dried. Denatured chromosomes
were treated with 0.1 % Triton-X in PBS for 10 min at
room temperature. After washing with PBS, they were
treated with 2 % skim milk in PBS for 30 min at room
temperature and then treated with primary antibodies
diluted in 2 % skim milk in PBS for 1 h at room
temperature. The primary antibodies that the samples
were incubated with were mouse monoclonal anti-
BrdU antibody (1:100, Abcam) and rabbit polyclonal
anti-5hmC antibody (1:500, Active Motif), followed
by secondary antibodies Alexa488-mouse IgG (1:500,
Molecular Probes, Invitrogen) and Alexa546-rabbit
IgG (1:500, Molecular Probes, Invitrogen), respectively.
Samples were then washed three times in 0.05 %
Tween-20 in PBS. Finally, chromosomes were stained
with Prolong Gold antifade reagent containing DAPI
(Invitrogen) to detect G-bands. Images of chromosomes
were obtained by an LSM780 confocal microscope
(Carl Zeiss). For haze reduction-treated images, BIO-
REVO BZ-9000 (KEYENCE) was used.
Immunostaining for 5hmC and histone H3
J1 ESCs and TKO ESCs were cultured with 0.3 μg/ml
colcemide for 2 h. The cells were collected by trypsi-
nisation and briefly treated with 10 μg/ml cytochalasin
B (Sigma-Aldrich) in suspension culture with DMEM.
After the cells were collected by centrifugation, they
were treated with 0.075 M KCl for 7 min at room
temperature. After hypotonic treatment, 1 ml of KCl
solution containing 5×104 cells was applied to poly-L-
lysine-coated 12-mm round coverslips (BD Biosciences)
that had been placed at the bottom of the cylindrical tube.
Then, the tubes were centrifuged for 3 min at 800 rpm.
Chromosome spreads attached to the coverslips were
directly treated with 2 % skim milk in PBS for 30 min
at room temperature and incubated with primary anti-
body overnight at 4 °C. The antibodies that had been
created and intensively analysed in the Kimura group
(Hayashi-Takanaka et al. 2011) were used to stain native
chromosomes: mouse monoclonal H3K4me2,
H3K9me2, and H3K9me3 (1:1,000). After washing with
0.05% Tween-20 in PBS three times, the coverslips were
fixed with 2 % PFA for 5 min and then washed with PBS
two times. Chromosomal DNAwas denatured with 4 N
HCl for 10min and then neutralised with Tris–HCl buffer
(pH 8.0). The denatured chromosomes were treated with
anti-5hmC (1:500) overnight at 4 °C. The series of steps
in the procedure are also shown in Fig. 1a. Localisation of
MBD-EGFP was visualised by immunostaining with
mouse anti-GFP monoclonal antibody (1:200, Santa
Cruz Biotechnology) in transgenic MBD-EGFP-nls
ESCs. H3K4me3 was detected simultaneously using a
rabbit polyclonal antibody (1:1,000, Abcam).
FISH for mouse Cot1
Chromosome spreads were fixed with a mixture of
methanol and acetic acid (3:1) and denatured with
70 % formamide in 2× SSC. Alternatively, samples
fixed with 2 % PFA were denatured with 4 N HCl.
Mouse Cot1 DNA (Invitrogen) was biotin-labelled
with Nick Translation Mix (Roche) and Biotin-16-
dUTP (Roche). The labelled DNA was precipitated
in ethanol with salmon sperm DNA and dissolved in
100 % formamide. DNA mixture (0.25 μg) was mixed
with an equal amount of hybridisation buffer (0.1 %
BSA, 10× SSC and 50 % dextran sulfate, 1:2:2). After
denaturation, biotin-labelled DNA was placed on
denatured chromosomes and covered with a thin film.
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The DNA hybridisation stepwas performed overnight at
37 °C in a moisture chamber. Non-hybridised probe
DNAs were extensively washed in a mixture of
formamide and 4× SSC (1:1) for 15 min at 37 °C,
followed by 15-min washes in 2× SSC, 1× SSC, and
4× SSC at room temperature. Biotin-labelled probe
DNAwas detected by avidin-FITC (1:350).
Results
In this study, mouse ESCs were treated with BrdU for
7 h, and then colcemide was added 1 h before cells
were collected. All of the metaphase chromosomes
incorporated BrdU only during late S, and the chro-
mosomal regions replicating in late S were visualised
by immunostaining with an anti-BrdU antibody as
shown in Fig. 1a. 5hmC-enriched areas were visual-
ised by anti-5hmC antibody staining. Chromosomes
were fixed with a mixture of methanol and acetic acid
and denatured to expose BrdU and 5hmC from inside
of the highly condensed double-stranded DNA. Dena-
turation is important because the accessibility of
5hmC to the antibody greatly influences the results.
DAPI staining was used to identify mouse chromo-
somes by their G-bands. It was found that BrdU-
Fig. 1 5hmC distribution across mouse chromosomes in ESCs.
a Experimental schema. b Metaphase chromosomes collected
by mitotic arrest induced by colcemide that had incorporated
BrdU during late S were immunostained for 5hmC (red) and
BrdU (green). 5hmC exhibited R-bands, which were negative
for G-bands stained with DAPI (blue) and BrdU in a wild-type
J1 ESC. Pericentric repeats and Y chromosome (Y) were
negative for 5hmC and BrdU. The J1 ESCs often contained an
additional Chr8 via centric fusion (asterisk). c Inverse relation-
ship between 5hmC and BrdU staining on mouse chromosome 1
(Chr1). Two-colour fluorescence analysis of 5hmC and BrdU
through the long axis of Chr1 showed primarily opposite pat-
terns. d TKO ESCs lacking Dnmts did not show 5hmC enrich-
ment. Most of the metaphase spreads were 30 to 40 μm in size
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positive regions replicating during late S in mouse
ESCs overlapped with G-bands, but not with the
5hmC signals (Fig.1b). 5hmC signals showed
R-bands, but not with BrdU and G-bands on mouse
chromosome 1 (Chr1), a representative chromosome
(Fig. 1c). Pericentric satellite repeats that replicated in
mid-S and displayed G-bands did not overlap with
5hmC (Fig. 1b, c). In addition, 5hmC was also not
found on the Y chromosome (Y). Thus, these data
suggest that 5hmC accumulate at active regions repli-
cating in early S and overlaps with R-bands in mouse
ESCs (Supplement S1).
TKO ESCs lacking Dnmt1, 3a, and 3b were not
enriched with 5hmC due to the absence of 5mC, a
major substrate of Tet enzymes (Fig. 1d). Therefore,
5hmC may not be an epigenetic mark that regulates
active chromatin formation in the absence of DNA
methylation activity in mouse ESCs.
One notable observation was that 5hmC signals
were often enriched on only one of the sister chroma-
tids (Fig. 1b). A possible explanation for this is that
fully methylated double-stranded DNA (5mC-5mC) is
converted into fully hydroxymethylated DNA (5hmC-
5hmC) at euchromatin, which turns into hemi-
hydroxymethylated DNA (5hmC-C) after the first
cycle of DNA replication. Subsequently, the 5hmC-C
DNA is converted into 5hmC-C DNA and C-C DNA
during the second cell cycle. Then, C-C DNA is con-
verted into 5mC-5mC DNA by a de novo DNA meth-
ylase. The sister chromatid exchange caused by
spontaneous mitotic recombination might induce the
chimeric distribution of 5hmC on chromatids. This is
plausible as 5hmC prevents Dnmt1 target recognition
(Valinluck and Sowers 2007). Thus, chimeric 5hmC dis-
tribution on chromatids might reflect cyclic conversion of
5mC into C via 5hmC.
5mC levels are very low in mouse cells, which
make it difficult to detect 5mC with the anti-5mC
antibody. We could believe this involved little technical
matter with anti-5mC antibody because 5mC localisa-
tion was strongly detected with this antibody in chicken
cells (unpublished data). To bypass this issue, we
monitored 5mC-enriched chromosomal regions by
EGFP localisation in transgenic MBD-EGFP ESCs
(Kobayakawa et al. 2007). To visualise relationship
between EGFP and histone H3K4me3 localisation, chro-
mosome spreads prepared by spin preparation were
directly stainedwith primary antibody and then fixedwith
PFA. MBD-EGFP was largely enriched on pericentric
satellite repeats, but not on the Y chromosome (Fig. 2a).
Therefore, 5hmC was not detected on Y due to the
absence of preexisting 5mC, while the absence of 5hmC
on pericentric satellite repeats is likely due to an active
mechanism leading to 5mC maintenance. In addition, the
H3K4me3 pattern onChr1, a representative chromosome,
clearly shows that euchromatin enriched with H3K4me3
lacked G-bands (Fig. 2b). The lack of 5hmC enrichment
around pericentric satellite repeats is not due to insuffi-
cient DNA denaturation. Two types of DNA denaturation
procedures were used (Fig. 1a). In both cases, we
obtained sufficient fluorescence in situ hybridisation sig-
nals using mouse Cot1 probe DNAs containing mouse
B1, B2, and L1 repeats, especially at pericentric regions
(Supplement S2). Therefore, an active mechanism pro-
moting site-specific exclusion of Tet enzymatic activity
may be responsible for the persistence of 5mC at peri-
centric satellite repeats.
Next, to analyse the relationship between 5hmC and
specific histone modifications, chromosome spreads
were sequentially stained for histone H3, followed by
5hmC. The results clearly demonstrate that the 5hmC-
enriched regions colocalise with H3K4me2, a typical
euchromatin mark (Fig. 3a). The H3K4me2 pattern on
the largest mouse chromosome, Chr1, overlapped with
5hmC and with mouse R-bands (Fig. 3b, c). The
H3K4me2 pattern obtained in TKO ESCs was similar
to the R-band pattern, but was opposite to the G-band
pattern (Supplement S3), and suggests that the
euchromatin and heterochromatin banding pattern is
independent of 5hmC and 5mC. Thus, 5hmC accumu-
lation in euchromatic regions might be regulated by both
Tet accessibility and preexisting 5mC pools.
5hmC was excluded from perinuclear and intra-
nuclear heterochromatin that were strongly stained
by DAPI (Supplement S4). Perinuclear heterochroma-
tin in ESCs is less abundant than in somatic cells,
where major and minor satellite sequences accumu-
late, followed by H3K9me3 and HP1 recruitment
(Maison et al. 2011). To identify heterochromatic
regions, chromosomes were stained with anti-
H3K9me3 antibody. We found that H3K9me3 signals
matched the G-band pattern in mouse ESCs (Fig. 4a).
H3K9me3 was strongly enriched at the pericentric
regions and the Y chromosome. Mouse Chr6 showed
an inverse relationship between 5hmC and H3K9me3
(Fig. 4b, c). It has been shown that centromeric function
is stably maintained by a combination of H3K9me3 and
HP1 in a 5mC-independent manner in TKO ESCs
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(Kobayakawa et al. 2007). Thus, the exclusion of Tet
enzymatic function from pericentric heterochromatin
may not be critical for stabilising centromeric function
through 5mC maintenance. In addition, H3K9me2, an
inactive mark, is broadly associated with both euchro-
matin and heterochromatin in mouse chromosomes
(Fig. 5a). On the Y chromosome, H3K9me2 and
H3K9me3 displayed similar patterns (Fig. 5b).
Although H3K9me2 was more abundant in G-bands, it
was excluded from pericentric satellite repeats (Fig. 5b,
arrow). Therefore, H3K9me2 is not positively or nega-
tively correlated with 5hmC in mouse ESCs.
Finally, we analysed 5hmC distribution across
human chromosomes in female diff-hiPSCs and inves-
tigated the relationship between 5hmC and facultative
heterochromatin of the inactive X chromosome (Xi).
In mammals, one of two homologous X chromosomes
is randomly inactivated in female somatic cells for
gene dosage compensation. Mammalian Xi can be
characterised by a number of aspects: late replication,
absence of H3K4me2, H3K9ac, and H4Kac, and
enrichment of H3K9me2, H3K27me3, H4K20me1,
H2AK119ub, and macroH2A (Koina et al. 2009).
After BrdU incorporation in late S, we were able to
easily distinguish Xi from a homologous pair of X
chromosomes (Fig. 6a, b). Interestingly, 5hmC was
not well distributed on Xi. Human X contains pseu-
doautosomal regions on both ends of the short and
long arms, PAR1 and PAR2, respectively (Flaquer et
al. 2008). PAR1, which has been known to escape X
inactivation, was strongly enriched with 5hmC on
both Xs (Fig. 6b). The reduced distribution of 5hmC
on Xi suggests that Tet enzymes are excluded from
facultative heterochromatin in a DNA sequence-
independent manner. However, 5hmC levels were
low on both Xs rather than on autosomes since it has
been reported that low levels of 5mC are present on
the X and Y chromosomes in primates (Bernardino et
Fig. 2 Persistence of 5mC at pericentric repeat regions lacking
histone H3K4me3. a The MBD-EGFP protein associates with
DNA methylated regions. MBD-EGFP accumulated on pericen-
tric repeat regions of chromosomes in transgenic mouse ESCs
that ubiquitously express MBD-EGFP (green), while H3K4me3
(red), an euchromatin-specific mark, was enriched at G-band-
negative regions, as shown on Chr1 in (b). Y lacked both MBD-
EGFP and H3K4me3 enrichment (arrowhead)
842 M. Kubiura et al.
al. 2000). In addition, human genomes contain hetero-
chromatic blocks called satellite 2 and 3 on human
Chr1, 2, 9, 10, and 16 (Tagarro et al. 1994). As
expected, 5hmC did not accumulate at the satellite 2
on human Chr1 and Chr16, and at the satellite 3 on
human Chr9 (Fig. 6c).
Discussion
This report describes that the localisation pattern of
5hmC was completely opposite to that of H3K9me3
and G-bands, but was similar to that of H3K4me2/3
and R-bands on mouse and human chromosomes. In
addition, we demonstrated that H3K9me2 was not
correlated with 5hmC as H3K9me2 was more abun-
dant in G-bands but excluded from pericentric satellite
repeats. The evidence that Tet enzymes target fully
methylated and hemimethylated DNA (Ficz et al.
2011; Pastor et al. 2011; Tahiliani et al. 2009) suggests
that euchromatin is enriched with preexisting 5mC.
Therefore, Tet enzymes might reduce 5mC levels in
euchromatin to prevent nonspecific DNA methylation
by de novo Dnmt enzymes.
It has become apparent that histone methyltrans-
ferases are linked with Dnmt activity. For example,
when Suv39h1 and Suv39h2, which catalyse
H3K9me2/3 at pericentric heterochromatin and recruit
Dnmt3b, are both mutated, cells display an altered
DNA methylation profile at pericentric satellite
repeats (Lehnertz et al. 2003). In addition, G9a and
GLP, which are two related histone H3 methylation
enzymes essential for global H3K9me1/2, can recruit
Dnmt3a and 3b. Thus, lack of either results in DNA
Fig. 3 Co-localisation of 5hmC and H3K4me2. aMetaphase chro-
mosomes prepared by spin preparation were co-immunostained for
5hmC (red) andH3K4me2 (green), a euchromatin mark. Themerged
image is mostly yellow due to the co-localisation of 5hmC and
H3K4me2 in mouse ESCs. b The distribution of two-colour fluores-
cence through the long axis of Chr1 for 5hmC and H3K4me2 was
also similar. c Profiles of the flourescent intensity values for 5hmC
and H3K9me4 along the line drawn across the long axis of Chr1
Euchromatin-specific conversion of 5mC into 5hmC 843
hypomethylation, especially in euchromatin (Epsztejn-
Litman et al. 2008; Tachibana et al. 2005, 2008).
Moreover, the Polycomb group (PcG) protein Ezh2,
a histone methyltransferase that can recruit H3K27me,
interacts with Dnmts through PcG complexes (Vire et
al. 2006). These histone methyltransferases therefore
recruit Dnmts not only to heterochromatin but also to
euchromatin. Our results suggest that nonselective
methylation is likely refined by Tets based on their
target preference, which results in the elimination of
5mC from euchromatic regions. Mechanisms leading
to the euchromatin-specific recruitment of Tets remain
to be elucidated.
Recent studies have shown that 5mC is selectively
converted into 5hmC by Tet3 in paternal pronuclei
(patPN), which leads to patPN-specific active deme-
thylation, while 5mC on maternal pronuclei (matPN)
is erased in a cell cycle-dependent manner (Gu et
al. 2011; Inoue and Zhang 2011; Iqbal et al. 2011;
Wossidlo et al. 2011). In mouse zygotes, MatPN
maintains H3K9me2 and me3 throughout the first
mitotic division just before the two-cell stage. In
Fig. 4 Negative correlation between 5hmC and H3K9me3. a
Metaphase chromosomes prepared by spin preparation were
co-immunostained for 5hmC (red) and H3K9me3 (green), a
heterochromatin mark. The red and green bands did not overlap
in mouse ESCs. b This was also shown by an inverse distribu-
tion of two-colour fluorescence through the long axis of Chr6.
H3K9me3 was distributed uniformly across Y (arrowheads in
a), while H3K9me3 was only enriched in G-bands on other
chromosomes, including Chr6 (arrows), as determined by anti-
H3K9me3 staining. c Profiles of the flourescent intensity values
for 5hmC and H3K9me3 along the lines drawn across the long
axis of Chr6 and Y
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addition, while MatPN maintains all types of H3 meth-
ylation, such as H3K4me1/3, H3K27me2/3, and
H4K20me3, patPN remains unmodified until the first
DNA replication (Lepikhov et al. 2010). These pieces of
evidence show that euchromatin may recruit Tet
enzymes to patPN as a default state. Recently, it has
been shown that PGC7 binding to the MatPN genomes
marked with H3K9me2 protect 5mC to 5hmC conver-
sion in mouse zygotes (Nakamura et al. 2012; Wossidlo
et al. 2011). However, while PGC7 is only expressed in
zygotes, ESCs and PGCs, it is never expressed in
somatic cells (Saitou et al. 2002). Moreover, we have
shown that H3K9me2 is excluded from pericentric
satellite repeats. Thus, it is expected that PGC7 does
not participate in the R-banded 5hmC patterns in general,
though H3K9me2 might inhibit 5mC to 5hmC conver-
sion in euchromatin at gene level. Thus, we conclude
that preexisting H3K9me3 levels influence Tet enzyme
accessibility at chromosome levels.
Another possibility is that Tet enzymatic activity
might also be regulated in a cell cycle-dependent
manner. The Tet3 enzyme may be temporally activated
during the early stage of zygotic development and then
immediately inactivated before paternal and maternal
chromosomes are combined at the first mitosis. This
conjecture is supported by the observation that addi-
tional conversion of 5mC to 5hmC is never induced on
maternal chromosomes before at least the eight-cell
stage (Inoue et al. 2011; Inoue and Zhang 2011).
Recently, it was shown that Ezh2 could be phosphor-
ylated by the cyclin-dependent kinase CDK1, which
phosphorylates the threonines of Ezh2, followed by
Ezh2 ubiquitination and degradation by the protea-
some (Wu and Zhang 2011). Tets may also be
Fig. 5 No correlation was observed between 5hmC and
H3K9me2, a heterochromatin mark. aMetaphase chromosomes
prepared by spin preparation were sequentially stained for
H3K9me2 (green) and 5hmC (red). Neither was it present on
pericentric heterochromatin. These regions lacked 5hmC, as
shown on X (b and arrows in a). H3K9me2 is uniformly
distributed across the Y chromosome (arrowheads in a)
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regulated in a similar way. Moreover, paternal-specific
5mC to 5hmC conversion might be explained by
asynchronous replication between patPN and matPN,
as some reports suggest that patPN initiates DNA
replication earlier than matPN by up to 2 h (Yamauchi
et al. 2009), although this observation remains to be
Fig. 6 Negative correlation between 5hmC and facultative het-
erochromatin on human inactive X chromosome (Xi). a Meta-
phase chromosomes were collected from differentiated hiPSCs
after the incorporation of BrdU during late S. Xi (arrowheads)
was identified as entirely BrdU-positive chromosome (green).
The Xi generally did not contain 5hmC (red), excluding the
pseudoautosomal regions located at the end of the short arm of
Xs. Active X chromosome (Xa) was more hydroxymethylated
(arrow). b The difference in 5hmC and BrdU staining between
Xa and Xi is shown. c In human cells, the 5hmC pattern was
generally inverse that of G-bands. Remarkably, 5hmC was
absent in the proximal regions of long arm of human Chr1 and
Chr16 (arrowheads), and Chr9 (arrows), which are known as
satellite 2 and 3, respectively
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verified. Thus, there is a possibility that euchromatin-
specific conversion of 5mC to 5hmC is regulated by a
combination of cell cycle-dependent chromatin decon-
densation and Tet enzymatic instability. In contrast to
the situation in zygotes, cyclic restoration of 5mC by
de novo Dnmts is necessary after 5hmC-mediated
demethylation through cell divisions especially at
euchromatin in mouse ESCs and human diff-iPSCs
as every cell always showed clear R-banded patterns
after 5hmC antibody staining. Thus, we suggest that
the balance of two enzymatic activities, Tets and de
novo Dnmts, regulates not only the levels of 5mC
status in mitotic cells but also the intra-chromosomal
localisation of 5mC in heterochromatin by the
euchromatin-specific conversion of 5mC to 5hmC on
the basis of high-order chromatin structure that is
defined by preexisting histone modifications and
DNA sequences.
Acknowledgments We are especially grateful to M. Hiratsuka
in Tottori University for providing A5 human iPSCs. We are
also grateful to the RIKEN BioResource Center for mouse
MBD-EGFP-nls ESCs. This work was supported by funds from
the Japan Society for the Promotion of Science (JSPS; grant
24613004).
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use,
distribution, and reproduction in any medium, provided the
original author(s) and the source are credited.
References
Bernardino J, Lombard M, Niveleau A, Dutrillaux B (2000)
Common methylation characteristics of sex chromosomes
in somatic and germ cells from mouse, lemur and human.
Chromosome Res 8:513–525
Dawlaty MM, Ganz K, Powell BE et al (2011) Tet1 is dispens-
able for maintaining pluripotency and its loss is compatible
with embryonic and postnatal development. Cell Stem Cell
9:166–175
Epsztejn-Litman S, Feldman N, Abu-Remaileh M et al (2008)
De novo DNA methylation promoted by G9a prevents
reprogramming of embryonically silenced genes. Nat
Struct Mol Biol 15:1176–1183
Feng S, Jacobsen SE, Reik W et al (2010) Epigenetic reprog-
ramming in plant and animal development. Science
330:622–627
Ficz G, Branco MR, Seisenberger S et al (2011) Dynamic
regulation of 5-hydroxymethylcytosine in mouse ES cells
and during differentiation. Nature 473:398–402
Flaquer A, Rappold GA, Wienker TF, Fischer C (2008) The
human pseudoautosomal regions: a review for genetic epi-
demiologists. Eur J Hum Genet 16:771–779
Freudenberg JM, Ghosh S, Lackford BL et al (2012) Acute
depletion of Tet1-dependent 5-hydroxymethylcytosine
levels impairs LIF/Stat3 signaling and results in loss
of embryonic stem cell identity. Nucleic Acids Res
40:3364–3377
Gu TP, Guo F, Yang H et al (2011) The role of Tet3 DNA
dioxygenase in epigenetic reprogramming by oocytes.
Nature 477:606–610
Hayashi-Takanaka Y, Yamagata K, Wakayama T et al (2011)
Tracking epigenetic histone modifications in single cells
using Fab-based live endogenous modification labeling.
Nucleic Acids Res 39:6475–6488
Inoue A, Zhang Y (2011) Replication-dependent loss of
5-hydroxymethylcytosine in mouse preimplantation embryos.
Science 334:194
Inoue A, Shen L, Dai Q, He C, Zhang Y (2011) Generation and
replication-dependent dilution of 5fC and 5caC duringmouse
preimplantation development. Cell Res 21:1670–1676
Iqbal K, Jin SG, Pfeifer GP, Szabo PE (2011) Reprogramming
of the paternal genome upon fertilization involves genome-
wide oxidation of 5-methylcytosine. Proc Natl Acad Sci U
S A 108:3642–3647
Ito S, D’Alessio AC, Taranova OV, Hong K, Sowers LC, Zhang
Y (2010) Role of Tet proteins in 5mC to 5hmC conversion,
ES-cell self-renewal and inner cell mass specification.
Nature 466:1129–1133
Kimura H, Tada M, Nakatsuji N, Tada T (2004) Histone code
modifications on pluripotential nuclei of reprogrammed
somatic cells. Mol Cell Biol 24:5710–5720
Kobayakawa S, Miike K, Nakao M, Abe K (2007) Dynamic
changes in the epigenomic state and nuclear organization
of differentiating mouse embryonic stem cells. Genes Cells
12:447–460
Koh KP, Yabuuchi A, Rao S et al (2011) Tet1 and Tet2 regulate
5-hydroxymethylcytosine production and cell lineage specifica-
tion in mouse embryonic stem cells. Cell Stem Cell 8:200–213
Koina E, Chaumeil J, Greaves IK, Tremethick DJ, Graves JA
(2009) Specific patterns of histone marks accompany X
chromosome inactivation in a marsupial. Chromosome Res
17:115–126
Lehnertz B, Ueda Y, Derijck AA et al (2003) Suv39h-mediated
histone H3 lysine 9 methylation directs DNA methylation
to major satellite repeats at pericentric heterochromatin.
Curr Biol 13:1192–1200
Lepikhov K, Wossidlo M, Arand J, Walter J (2010) DNA
methylation reprogramming and DNA repair in the mouse
zygote. Int J Dev Biol 54:1565–1574
Maison C, Bailly D, Roche D et al (2011) SUMOylation pro-
motes de novo targeting of HP1alpha to pericentric hetero-
chromatin. Nat Genet 43:220–227
Nakamura T, Liu YJ, Nakashima H et al (2012) PGC7 binds
histone H3K9me2 to protect against conversion of 5mC to
5hmC in early embryos. Nature 486:415–419
Nakayasu H, Berezney R (1989) Mapping replicational sites in
the eucaryotic cell nucleus. J Cell Biol 108:1–11
Panning MM, Gilbert DM (2005) Spatio-temporal organization
of DNA replication in murine embryonic stem, primary,
and immortalized cells. J Cell Biochem 95:74–82
Pastor WA, Pape UJ, Huang Y et al (2011) Genome-wide
mapping of 5-hydroxymethylcytosine in embryonic stem
cells. Nature 473:394–397
Euchromatin-specific conversion of 5mC into 5hmC 847
Saitou M, Barton SC, Surani MA (2002) A molecular
programme for the specification of germ cell fate in mice.
Nature 418:293–300
Szwagierczak A, Bultmann S, Schmidt CS, Spada F, Leonhardt
H (2010) Sensitive enzymatic quantification of
5-hydroxymethylcytosine in genomic DNA. Nucleic Acids
Res 38:e181
Tachibana M, Ueda J, Fukuda M et al (2005) Histone methyl-
transferases G9a and GLP form heteromeric complexes
and are both crucial for methylation of euchromatin at
H3-K9. Genes Dev 19:815–826
Tachibana M, Matsumura Y, Fukuda M, Kimura H, Shinkai Y
(2008) G9a/GLP complexes independently mediate H3K9
and DNA methylation to silence transcription. EMBO J
27:2681–2690
Tagarro I, Fernandez-Peralta AM, Gonzalez-Aguilera JJ (1994)
Chromosomal localization of human satellites 2 and 3 by a
FISH method using oligonucleotides as probes. Hum Genet
93:383–388
Tahiliani M, Koh KP, Shen Y et al (2009) Conversion of
5-methylcytosine to 5-hydroxymethylcytosine in mam-
malian DNA by MLL partner TET1. Science 324:930–
935
Tsumura A, Hayakawa T, Kumaki Yet al (2006) Maintenance of
self-renewal ability of mouse embryonic stem cells in the
absence of DNA methyltransferases Dnmt1, Dnmt3a and
Dnmt3b. Genes Cells 11:805–814
Valinluck V, Sowers LC (2007) Endogenous cytosine damage
products alter the site selectivity of human DNA mainte-
nance methyltransferase DNMT1. Cancer Res 67:946–950
Vire E, Brenner C,Deplus R et al (2006) The Polycomb group protein
EZH2 directly controls DNAmethylation. Nature 439:871–874
Williams K, Christensen J, Pedersen MT et al (2011) TET1
and hydroxymethylcytosine in transcription and DNA
methylation fidelity. Nature 473:343–348
Wossidlo M, Nakamura T, Lepikhov K et al (2011)
5-Hydroxymethylcytosine in the mammalian zygote is
linked with epigenetic reprogramming. Nat Commun 2:241
Wu SC, Zhang Y (2011) Cyclin-dependent kinase 1 (CDK1)-
mediated phosphorylation of enhancer of zeste 2 (Ezh2)
regulates its stability. J Biol Chem 286:28511–28519
Xu Y, Wu F, Tan L et al (2011) Genome-wide regulation of
5hmC, 5mC, and gene expression by Tet1 hydroxylase in
mouse embryonic stem cells. Mol Cell 42:451–464
Yamauchi Y, Ward MA, Ward WS (2009) Asynchronous DNA
replication and origin licensing in the mouse one-cell
embryo. J Cell Biochem 107:214–223
Zhao D, Chen S, Cai J et al (2009) Derivation and characterization
of hepatic progenitor cells from human embryonic stem cells.
PLoS One 4:e6468
848 M. Kubiura et al.
